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PREFACE 

This  report  presents   the  results  of  an  investigation  of 
propeller  slipstream effects on V/STOL aircraft  performance 
and  stability.     The work was performed  for the U.  S.   Army 
Transportation  Research  Command,   under Contract  Number DA 44-177 
AMC-48(T), during the  period   from 24  April   1963  to 24 March   1964. 

Lt.   F.   E.   La Casse   and Dr.   L.   Goland were,   respectively, 
the  Army and Contractor's  project  engineers.     Dr.  Goland, 
Mr.   N.   Miller and Mr.   L.   Butler were  the  principal   investi- 
gators . 
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SYMBOLS 

& Wing aspect ratio 

a     wing lift curve slope without slipstream, per radian 

a,     aircraft acceleration during take-off, ft/sec^ 

a      aircraft deceleration encountered during landing, 
C     ft/sec2 

a two dimensional airfoil lift curve slope, per radian 

b number of propeller blades; also wing span, ft. 

c chord of wing, ft. 

c. propeller blade chord at 0.75R, ft. 

c      flap chord, or distance from the wing leading 
edge as defined in Figure 2, ft. 

C^     section drag coefficient of propeller blade at 
0.75R, or wing section drag coefficient 

CDi    induced drag coefficient, C ^TT^e 

Cp ^   nacelle drag coefficient based on nacelle length 
and diameter 

CL^j    profile drag coefficient 

CF     coefficient of friction between tires and runway 
during landing 

C^     section lift coefficient 

CL     lift coefficient based on q, L/qS 

C, s   lift coefficient based on qs, L/q S 



denotes Che basic wing contribution to the total 
wing lift coefficient, -3- C, 

pitching moment coefficient about the wing aero- 
dynamic center 

pitching moment coefficient due to propeller blade 
offset 

propeller thrust coefficient, T .  
/OTTR2(ilR)2 

propeller thrust coefficient,  1—_— 
qs( -TTD1) 

4 
p 

bodv axis longitudinal force coefficient,   x 
q S 

propeller longitudinal force coefficient, ^xrR 

F 
longitudinal force coefficient, —£ 

qss 

propeller diameter, ft. or drag, lb. 

induced drag, lb. 

nacelle drag, lb. 

profile drag, lb. 

slipstream drag measured parallel with the slipstream 
flow 

diameter of the fully developed slipstream, 2r0, ft. 

nacelle diameter, ft. 

e        efficiency factor used in estimating induced d/ag 

Fx       summation of forces parallel with the free-stream 
flow, lb. 

xi 

Cl, ,w 

CM ,ac 

CM ,CF 

cT 

CT, ,S 

CX 

cx, R 

cx, S 

I) 

Di 

»N 

Do 

DS 
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dN 



F^       suiranation of forces perpendicular to the free-stream 
flow (vertical), lb. 

g       acceleration due to gravity 

h        vertical height achieved during transition, ft. 

i        angle between propeller thrust axis and wing 
chord line, radians 

kg flap linkage constant 

L        lift, lb. 

Ls slipstream  lift  perpendicular  to   jet   flow, 
N^CL,S  VS>'   lb- 

1 nacelle  length,   ft. 

1 landing approach  distance,   ft. 
a 

1 distance  required  to climb  to  50-foot  altitude,   ft. 

1 aircraft  ground  run,   ft. 

In denotes  natural   logarithm 

lt landing transition  distance,   ft. 

ijl take-off  transition  distance,   ft. 

N number of propellers 

q or q free-stream dynamic  pressure,  _L_/> V%   or _L_/PV 2, 
lb/ft5 2   ' 2   '     0 

qs slipstream dynamic  pressure,     I    P^j   »   Ib/ft^ 

R propeller  radius,   ft. 

R^ Reynolds  number based  on c   and Vj 

xii 



r       distance measured radially from center of slipstream 
jet, ft. 

r radius of fully developed slipstream, ft. 

S wing area, ft. , or total landing distance, ft. 

S^ flap area, ft. 

S total wing area immersed in slipstream, ft. 

ST total take-off distance over a 50 foot obstacle 

STo take-off distance, ft. 

T propeller thrust, lb. 

U slipstream induced velocity, ft/sec 

Vc rate of climb, ft/sec 

V# resultant flow velocity in slipstream, ft/sec 

V or V0  free-stream velocity, ft/sec 

Vv rate of descent, ft/sec 

W aircraft weight, lb. 

X        distance along X axis from wing quarter chord to 
center of gravity, ft. 

Xj^       distance along X axis from propeller center to 
center of gravity, ft. 

X        distance along X axis from tail to center of gravity, 
t ft. 

Z        distance along Z axis from wing quarter chord to 
center of gravity, ft. 
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Zo       distance along Z axis from propeller center to 
center of gravity, ft. 

Zt      distance along Z axis from tail to center of 
gravity, ft. 

^       airfoil section effective angle of attack, radians; 
only used in estimation of CT 

ß^Lo     airfoil section angle of zero lift, rad. 

CX-T-      propeller thrust axis angle of attack, rad. 

(V       effective angle of attack in slipstream, rad. 

ft'y      wing geometric angle of attack with respect to 
freestream, rad. 

^. 75R   propeller geometric pitch at .75R, rad. 

change in drag coefficient, due to slipstream 

change in lift coefficient,due to the slipstream 

change in lift coefficient, due to slipstream 

increment of normal acceleration encountered 
during transition 

flap deflection angle, rad. 

Ö      aircraft pitch attitude, rad . 

op      aircraft landing approach angle, rad . 

0C aircraft climb angle, rad. 

ratio of free-stream to jet velocity, vgo$(cyi-^) 

ACDS 

AC, 

ACL)s 

ZSn 

*f 

/L      coefficient of friction during take-off 

V 
J 
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n mass density  of air,   slugs/ft-^ 

4> slipstream angular deflection,   rad;   also  velocity 
potential,   ft^/sec 

T4 velocity  disturbance  potential   in  the   jet   slipstream, 
ft  /sec 

T0 velocity disturbance potential   outside  of  the   jet 
(in  free  stream),   ft^/sec 

T velocity disturbance  potential en  the  surface  of 
the airfoil,   ft^/sec 

-TL propeller  rotational   speed,   rad/sec 

SUBSCRIPTS 

g Gravity 

i Inertia 

R Propeller 

S Slipstream 

t Tail 

W Wing 

NOTE:     All  angles  are   in   radians  unless  otherwise   specified. 
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SUMMARY 

Presented herein   is  an analytical   investigation   of   the 
aerodynamic   forces  acting on  wing-propeller combinations   in- 
cluding the  effects   of  propeller  slipstreams.     The   results  of 
the   developed theory are   then  applied  to  typical   two-   and   four- 
propeller  VTOL and   STOL wing  configurations.     Correlation  with 
existing test  data   is   shown  to  be   satisfactory. 

Consideration   is  also given  to   such associated  items  as 
the  effects  of  the   slipstream on  (1)   wing  stall   (2)   aircraft 
take-off and  landing  performance and   (3)   aircraft   stability 
and control. 



I.  INTRODUCTION 

Recent interest in vertical and short take-off and landing 
aircraft (V/STOL) has put new emphasis on the problem of 
propeller slipstream-wing aerodynamic interaction.  The low- 
speed performance and handling qualities of this type of 
aircraft are highly dependent on the nature of this interaction, 
since such aircraft have necessarily high-energy propeller 
slipstreams whose diameters are of the same order of magnitude 
as the wing semi-span and chord.  These aircraft are subjected 
to the varying effects of this interaction especially duting 
take-off, landing, and transition, when the free-stream 
velocity is small compared to that of the slipstream velocity. 
It is apparent that refinements of design and increased 
performance can be made only if this aerodynamic interaction 
can be adequately understood and utilized to the fullest ex- 
tent. 

Presented herein is a theory for the lift and drag of a 
wing immersed in a slipstream.  The analysis is applicable to 
all ratios of free-stream to slipstream velocity and accounts 
for an angle of attack of the wing relative to the propeller 
thrust axis, as well as for an angle of attack of the thrust 
axis relative to the free-stream.  The theory is correlated 
with experimental data of configurations such as two- and 
four-propeller tilt-wing-type aircraft.  Attention is also 
focused on the effects of the slipstream interaction on the 
stalling and slow-speed characteristics of the aircraft.  An 
analysis is then presented of the effect of the slipstream 
on the take-off and landing performance.  Finally, an explor- 
atory study is made of the propeller slipstream effect on the 
stability and control characteristics, and the feasibility of 
improving the slow-speed handling qualities by proper use of 
the slipstream. 



II.  THEORETICAL ANALYSIS OF THE SLIPSTREAM 
CONTRIBUTION TO WING LIFT 

A.  INTRODUCTION 

The problem of a wing spanning a uniform jet for the case 
where the outside air (free-stream) velocity Is zero (e.g., In 
a wind tunnel) has been extensively investigated both theoreti- 
cally and experimentally. 

The case in which the external air is in motion has not 
received as much attention, but the basic treatment was given 
by Koning (Reference 1).  Koning was the first to determine 
the jet effect by including the Important jet boundary 
conditions which must be satisfied.  On account of the mathe- 
matical difficulties Involved, however, he made the following 
simplifying assumptions: 

1. The angle between the relative wind (free-stream) 
direction and the jet axis is equal to zero. 

2. The jet is free from rotational components, and has 
constant velocity distribution over the circular 
cross section and along the jet axis. 

3. The additional velocity in the jet is small compared 
with the free-stream velocity in order that the 
problem might be "linearized". 

4. The change of the undisturbed flow, caused by the 
action of the wing, is Identical with that related 
to a system of vortices; the system consists of a 
rectilinear line vortex, taking the place of the 
wing (the so-called "lifting vortex"), and a layer 
of "trailing vortices" extending from the lifting 
vortex to infinity. 

Koning then decomposes the resulting flow field of the 
jet, wing and external flow into six different parts as follows 

1. undisturbed flow - the flow in the absence of wing 
and propeller, being a parallel flow with constant 
velocity. 



2. propeller flow - the difference between (1) and the 
flow which would exist if the propeller were acting in 
the absence of the wing. 

3. airfoil flow - the change in flow caused by the action 
of the wing when introduced into (1), the propeller 
being absent. 

4. additional airfoil flow - the disturbance flow, related 
directly to the change in circulation around the wing, 
caused by the action of the propeller. 

5. additional flow - the difference between the resulting 
flow (6) and the flow which would be obtained by 
simple superposition of (1), (2), (3), and (4). 

6. resulting flow - tae flow existing with both propeller 
and wing present. 

The potentials of (1) through (4) can be superirrposed in 
the usual way,but they do not represent the entire pattern of 
flow. The potential of (5), which is unknown, must be deter- 
mined from the conditions at the jet slipstream boundary. 

The conditions to be satisfied at the boundary of the slip- 
stream are: 

1. The pressure shall have the same value on each side of 
the jet boundary. 

2. The jet boundary must be a streamline of the flow.  In 
terms of the disturbance velocity potential, 0 , Reference 1 
shows that the first boundary condition may be written as (see 
Figure 1), 

V  ^i. - Vo ^fl ac  r _ r (2.D 
J ö x       d x 0 

where the subscripts  j and o  refer to the regions inside and 
outside of the jet, respectively.  Integrating in the stream- 
wise direction from negative infinity to some station x, and 
recalling that <P   (-oo)  is an arbitrary constant, the first 
boundary condition is then obtained in the form, 



WING 

FREE  STREAM 

FIGURE   1:     WING   SPANNING  A  CIKCL'LAR JET 



The  second boundary condition  expresses  the   fact  that   the  inside 
and outside   flow must be tangent  at  the boundary;   that   is,   the 
boundary consists  of streamlines.     For a circular jet,   the 
tangenc." condition  is expressed as 

j    a r o   dr 
at    r r0   . (2.3) 

As shown In Reference 1, the problem is more feasibly 
handled by studying the conditions In a plane far downstream 
from the wing (the Trefftz plane).  At x  ♦ oo , the potentials 
of the airfoil flow, the additional airfoil flow, and the 
additional flow will be functions of y and z    only, which 
moreover satisfy the Laplace equation, 

d24> b24> 
a  y2     dZ 2 

0 (2.4) 

and, hence, are two-dimensional potential functions.  Thus, two- 
dimensional potential theory is used to satisfy boundary 
conditions 1 and 2 and the so-called "method of images" Is 
utilized as well as the concept of horseshoe vortices. 

The use of a line vortex system to represent the wing such 
as described above implies validity only for wings of high 
aspect ratio. 

Thus the analysis of Reference 1 is applicable when : 

(1) the jet velocity Is only slightly greater than 
the free-stream, and 

(2) the aspect ratio of the wing is large. 

Most of the work accomplished since Reference 1 has started 
from Konlng's basic system and Includes various modifications 
Involving the use of complex lifting surface approximations 
(Reference 2), semi-empirical methods (Reference 3), consideration 
of higher order terms to consider smaller values of the ratio 



of free-stream to jet velocity { JU )  as  well as the treatment 
of infinite span wings (References 4 and 5), effects due to 
slipstream rotation (Reference 6), misalignment of slipstream 
and free-stream, and other effects. 

The design of present-day aircraft (e.g., STOL and VTOL 
propeller types) calls for the diameter of the slipstream to 
be of the same order of magnitude as the wing chord and wing 
semi-span.  The validity of a "lifting line" or infinite span 
wing theory discussed above is therefore to be questioned for 
application to the present problem of low-aspect-ratio wings. 
In Reference 7, R. T. Jones presents a low-aspect-ratio theory 
that is applicable to the present problem.  As shown below 
its use enables the above restrictions to be removed so Chat 
a finite wing spanning the jet may be treated for all ratios of 
free-stream to jet velocity. 

B.  THEORY OF WINGS OF SMALL ASPECT RATIO 

For wings of small aspect ratio, R. T. Jones proposed a 
theory which provides acceptable results for wings whose 
aspect ratio is less than approximately 1.5, which is the area 
of interest in the present problem.  The theory is most 
suitable for the prediction of spanwise and chordwise lift, and 
induced drag, of wings with swept-back leading edges ending in 
straight trailing edges which are normal to the direction of 
flo^;.  For wings of elliptic or rectangular planform, the 
spanwise lift and induced drag are also adequately predicted 
by the theory; however, for these configurations the analyses 
provides only qualitative information on the chordwise pressure 
distribution, viz, that the center of pressure moves toward 
the leading edge as the aspect ratio decreaser.  Since the 
prediction of spanwise lift is of prime interest in the present 
problem, th1's theory was expected to be applicable and is 
utilized herein. 

The basic idea of the small aspect ratio theory, as 
described in Reference 7, may be obtained by considering a delta 
wing as shown in Figure 2, which moves with a uniform velocity, 
V, at an angle of attack, OC   , in the negative direction of the 
X-axis.  As the wing advances across the plane B-B, which is 
normal to the direction of motion of the wing, it transmits a 
downward component of velocity equal to V tan OC VOC , to 
the fluid.  The field of flow in the plane B-B is therefore 
considered the same as that produced by a two-dimensional flat 
plate which moves downward with velocity, VOC The field of 



B 

FIGURE 2:  FLOW PATTERN AROUND A DELTA WING (Top View) 
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flow in   B-R may  therefore   be   represented   by   a   velocity potential 
which   satisfies  the   two dimensional   Laplace   equation 

aj*  .  äl*       o . (2..) 
dy?    ö z2 

Equation 2.4 together with the above boundary condiLions specify 
ty   in plane B-B. 

The local pressure change is proportional to the local 
time rate of change of 4* •  That is, 

P   -Pg     ■ (2.5) 

v D^  04» dx Now, since  üx  ^-t y^ 
Dt  dx    dt 

and  V    ^ (2.6) 
dt 

Equation (2.5) may be written as, 

P    "PV |i • {2.7) 1 o x 

Integration of the pressures in a chordwise direction from forward 
of the leading edge downstream to the trailing edge and account- 
ing for top and bottom airfoil surfaces, gives the span load 
distribution as, 

^-   2  / pdx   -' /0v 4" t (2.8) 
ä y 

-c I 

where <£> s ^s *-he  velocity potential at the surface of the wing 
at the widest section, and c ,-   and cs are defined in Figure 2. 
The wing lift is, therefore, 



b/2 
L /* 2 pV4>s dy (2.9) 

-b/2 

and the  lift coefficient   becomes 

cL-^r f^sdy ■ (2-10) 

-b/2 

The above theory will now be applied to the case of a 
finite wing spanning a uniform jet.  The two-dimensional velocity 
potential, ^ , will therefore be obtained such as to satisfy 
the trailing edge as well as the jet boundary conditions. 

C.  WING SPANNING UNIFORM JET 

Considered here is the case of a wing of span, b  2r , 
immersed in a uniform jet of velocity V^ which is aligned with 
a free-stream having a velocity V .  From the foregoing dis- 
cussions the problem reduces to tfie determination of the two- 
dimensional velocity potential subject to the following boundary 
conditions (Figure l), 

Boundary Condition 

wing:     >.A 
"If    - VjC* at  Z  0 and y^ r0 (2<11) 

jet::      V. 5^2    V   <^J   - vj y?        0   äf  a ro (2-12) 

Vj^j  - V04>0    at  r  r0 (^3) 

free-stream: <f0 *" 0 as r ^-00 ,„   ■,,} 

It is also to be noted that <$> .  must be finite at  r  0 .   (2.15) 

The flow is potential inside and outside the jet boundary; 
the potential function, however, need not be continuous at the 

10 



jet   boundary. 

In  polar coordinates,   Laplace's  equation  is, 

Z2*  <  ±  d±     t    1     b2± 
r     d r ^ ^e 

o (2.16) 

The general solution to equation (2.16) is, 

^"^(aj^r^osmö ' bmr
msln mo • C^r'^os me * Dmr"

msin me )• 
m-0 
Applying boundary conditions (2.14) and (2J5), there 

follows that, 
oo OO 

(2.17) 

at  r <ro ^j  ^o ' )_bm (~) sin me '2_^ (rf00' me (2.18) 

m 1 m 1 

~      -m       oo m 

t r>ro *0^m(r_) sin.e-^ cm y co 
m^-l N  ' ml     v ' 

s me (2.19) 

in which the distance, r, has been nondimensionalized by the jet 
radius, r0.  Now for  

r—r0 boundary condition, Equation (2.11) 
specifies that 

[at 
\6 Z 

Z mbr 
ml ä 

/. u        Ö 0 

m 
m-1 
m .Vj« (2.20) 

Thus,     b1       -V.CXro   ;     bm       0  for m       2,   3,   4,   etc. 

Satisfying  the  boundary  condition given  by  Equation   (2.12), 

mDmsin m0 

ml ml 
■I mCj^cos  mo f 

~ OO   

-   LS^Insine    )  ma  cos  me 
M L   m 
^ m 1 

(2.21) 

11 



Consequently, 

Dl      VoC(To   ;   Dm  = 0  for m  =  2'   3'   A'   etc' 

Satisfying boundary  condition Equation   (2.13), 

in 9    0 a0  -  vQarQ     s: am cos m9 
ml Coo 

Vo0rro  sin6-f*Y_ 
ml 

am cos m6 

which may be  reduced  to, 

OO 

-^o    ^7% cos mö   - v0orr0 sine 

^ m=l 

(2.22) 

(2.23) 

(2.24) 

Now, oo 

sine   - 
TT TT        Z__ 

cos m ö 
m2   -   1 

m=2,  4,   6 

Substituting Equation  (2.25)   into  Equation  (2.24)  and 
evaluating coefficients,   there  results  that 

a0^    JLvo(*ro 

a    = .  4VrPrro    /   1     )    for    ra=2,   4,   6 etc. 
^ TT U       \ m2-! / 

(2.25) 

(2.26) 

The velocity potential inside the jet may therefore be written as 
oo 

^j       V^ro Ujl    (J.)- -r_ sine- -A.)    ll^cos^e 
J*        \ Tfl     Ur0 TT U / m^   -   1 

^ 

(2.27) 

m 2, 4, b 
On the wing surface 0 - 0, and letting y  — , the poten- 

tial on the wing surface is, ro 
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f o       o 

OG 

^H) 
m 

"/* 
mz-l 

m  2,   4,   6        

(2.28) 

that 
By means   of  expression  601.2   of  Reference   3,   it   may   be  shown 

mz-l 2 

1 H-fi-m 
m-2,   4,   6 

thus, 

(2.29) 

2V0^r0 

TT 
/" 

S -^(-i)-( H (2.30) 

and the wing lift coefficient based on free-stream velocity and 
the wing area which is completely Immersed in the slipstream 
becomes 

C     -        ^ 
/^ 

Vrtc 

1 
fa dy 

o 
1 _ 

TT   C ! ' Y2 \y' h i) - (n 

(2.31) 

dy     .        (2.32) 

The   following  definite   integrals   are  evaluated  in  Reference  8: 

1 

J y     In      (1   y)   dy 

y     In   (1-y)   dy 1 
4 



/' 

In (l*y) 
69    = 

12 

in  (1-y) 
dy .   TT2 (2.33) 

Consequently, 

L    TT c r^ r (^ 
-1 

In the absence of a slipstream jet, Z/= 1 and 

N 7-t-i 

8a r( 
TT c 

1 + JteH 
Thus, the change in C  due to the jet becomes, 

AC, 

(2.34) 

(2.35) 

(2.36) 

The change  in  spanwise  lift distribution may similarly  be obtained 
by use of Equations   (2.8)  and  (2.30)  and may be written as. 

AC. __!_   «MAL) 
q  c        d  Y (2.37) 

=     1.27 frH^M-f-f-te) 
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III.  DEVELOPMENT OF LIFT AND LONGITUDINAL FORCE 
COEFFICIENTS FOR WING-PROPELLER COMBINATIONS 

In this section expressions are developed for estimating 
the total lift and longitudinal force coefficients for various 
wing-propeller combinations throughout an angle of attack and 
"/U."  range.  The basic approach used is to account for the 
slipstream effects by adding to the basic wing lift coefficient 
(CL y) t:^e effect of the slipstream (ACL S^ from Sertion II. 

The major assumptions utilized in the development of the 
equations are: 

1. potential flow conditions exist, i.e., there is no 
separated flow over the wing or flap. 

2. The slipstream is fully contracted at the wing leading 
edge. 

3. The slipstream velocity is uniform and the effect of 
slipstream rotation is small. 

4. The slipstream contraction is unaffected by the 
presence of the wing and nacelle. 

5. For multi-propeller configurations no interaction 
exists between slipstreams. 

A.  GENERAL SLIPSTREAM WING AERODYNAMIC INFORMATION 

Before proceeding with the development of the actual 
equations, some background information will be presented in- 
cluding standard expressions for estimating the aerodynamic 
characteristics of wings and slipstreams. 

1. Wing Lift Coefficient 

The basic wing lift, i.e., the lift generated by the 
wing when the propeller thrust is zero, is considered 
first.  For straight wings, with ordinary planforms, the 
classical expression for the wing lift coefficient is 

15 



c     a0 /Roc    Ä an Ma (3a) 

L    >« ' a^    i* * 2 
TT 

Equation (3.1) accounts for the effect of a finite span on 
aerodynamic loading in incompressible flow, which is of 
concern herein.  It is accurate for those cases when the 
aspect ratio exceeds four (4) but gives too high numerical 
values below that.  For the case of small aspect ratios, 
Jones (Reference 7 ) presents the equation 

C.  - -H-Of AR (3.2) L     2 

which has experimentally been shown to be quite accurate. 
Diederich (Reference 9 ) shows that the formula 

a0 /Roc ,„ „. 
C.         1        ,   , 0i         (3.3) 

(AR)   ll   * / ap \ 21 »  ao 
V   ItT/R/     TT 

covers the whole range rather well, approaching Equation 
(3.1) in the limit of large fiR     and Equation (3.2) as 
/R    goes to zero. 

2. Propeller Slipstream Characteristics 

a.  Induced Velocity. U 

Referring to the notation in Figure 3, the induced 
velocity in a fully developed slipstream may be deter- 
mined by use of Bernouilli's Equation and the conti- 
nuity equation as 

U  -V0cosaT * /(V0cos(XT)
2 * 1__  .       (3.4) 

4 m 

16 



Normal  Force 
Lift 

*~  V, 1 
Longitudinal  Force,   F 

Vsircr, 

FIGURE  3:     PROPELLER SLIPSTREAM NOTATION 
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b.  Diameter of Slipstream, d 

The diameter of a fully developed propeller slip- 
stream can be determined from the continuity equation, 
and there results 

(3.5) d  = D    /l /2Vng<?S^T  ±  V]    . 
y 2 \  V0coscyT   ♦  U/ 

c.    Resultant Velocity in Slipstream.   Vj 

As  shown  in Figure  3,   the  resultant  slipstream 
velocity  is the vector sum of the  free-stream and the 
Induced velocities.     Thus, 

Vj2  =  (VsinÄT)2 + (V0cos(yT)2+ U2+ 2 V0 UcosO^     .     (3.6) 

Substituting Equation  (3.4)   into Equation   (3.6)   and 
solving  for    Vi,   there  results 

Vj   -    /Vrt
2   ^ T (3.7) 

4 

d.    Slipstream Dynamic  Pressure,  q- 

The dynamic  pressure of  the  flow in the  slipstream is 

18 "^(^ (3.8) 

- P V ,2 

-2-PVi 

3. Wing Characteristics in Slipstream 

The effective angle of attack,as, of that portion of the 
wing located in the propeller slipstream is 
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^s =    iw ^-^LO + ^f (3.9) 

where it has been assumed that a flap deflection adds an 
increment ^fto the angle of attack of the wing within the 
slipstream, and where 

^- tan"1 /vosinQfT \ 
\  VQCOSOTTW 

B.  TOTAL LIFT COEFFICIENT. CL>s 

Summing all of the lift forces acting on the propeller- 
wing combination, C^ 5 based on slipstream dynamic pressure, q , 
and total wing area,  S, may be written as 

C    =      L 
L'S   qss 

or 

CL,S - CL,T '   CL,NF + CL)W f ACL)S  .        (3.10) 

Where the coefficients representing the inuividual factors con- 
tributing to lift are: 

1. Propeller thrust contribution, Cj •j<_ 

r K] /TsinOCT \ 
CL,T " N (-^j (3.11) 

2. Propeller Normal Force Contribution, C] js;p_ 

CL,NF  ^Ot)iC<i  ^b^Vi^TCOsat       (3.12) 

This equation is derived from Reference 11. 
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3.  Basic Wing Contribution, C^ ^ 

The basic wing lift coefficient is given by Equation 
(3.3).  There follows 

'L,W 
3_ 
qs 

ao AR a 

AR 
\Vi/R) TT 

(3.13) 

where the effective wing angle of attack 

a    ^w - orLO • S f 1- l^h. , 2sin Qh 
a    a (3.14) 

and where 6h is derived from Reference 10 as 

e, 1-2 cos J tan"  sin ^  
£ - 1 cos 6 
cf 

1- 
cf .(3.15) 

4.     Additional Contribution of Wing Area  Exposed to 
Slipstream^Cj   s 

Equation  (2.36)  gives  the   jet contribution  to the wing 
lift  coefficient based on q0  and S.     Based on  the  slipstream 
dynamic  pressure and on S,   this contribution becomes 

ACLjS   - ^ cos   (0(T-<t>)   l.87ocllo]   (I-JU2)  . (3.16) 

Substituting the various   lift coefficient  contributions 
into  Equation  (3.10),   there  results 

CL s  - N TsinaT  f _N_ ^_ CdcbbilR2VsinorTcos O^x 

q_ 

qs 
AR 

qsS q S   4 

an AR a 

1   ^ / a0 \2 + ao 

Ss 

(3.17) 

os(^T-<l>)1.87cx'-Io (i-a2) s T- T/i.o/^ s_^   vi-^. 
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where for the general case of the propeller axis inclined 
to the free-stream velocity, 

u       Vocos(CyT -4) (3a7a) 

Based on  the   free-stream dynamic   pressure,   q,   and  the wing 
area,   S,   the  lift  equation  becomes 

CT -i- N Tgino^x   -     -N-/2 c.chb^.R2VsinOrTcosaT^ 
L qS qS qS ^4    d  b T i 

(3.18) 

ao ^Ra +  ^ 3^ cos(QrT-4>)1.87as lod-a2). 
^—      T^ S    q c        i 

C.  TOTAL LONGITUDINAL FORCE COEFFICIENT, Cx^s 

The longitudinal force coefficient, Cx s ^s obtained by 
dividing the longitudinal component of the resultant forces, F . 
by qs and S. 

c  c  = !x_ 
qsb (3.19) 

= CX,T " CX,NF " CX,N " CX,W " ^CX,S 

The various contributions to C^ g are as follows: 

1. Propeller Thrust Contribution, Cx i_ 

CX,T = N Tcos(yT (3.20) 
^s5 

2. Propeller Normal Force Contribution, Cx fjp 

CX,NF=-^/f CdcbbiIR
2Vosin

2QfT (3#21) 
"s 
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3.     Nacelle  Profile  Drag Contribution,   Cy N_ 

• cos   (0CT  - 4)) 

'X,W 
(s-ss) 

'DO 
(art) .i 

q^ 

where       a  -        ao dR CT 

y« 
1   + 

(3.22) 

where    DN  -    CDNqsldN 

4.     Contribution of Wing Outside of Slipstream,       Cx w 

(3.23) 

5.  Contribution of Wing Inside of Slipstream, A Cy s_ 

2 
ACX,S   =N ^ CDO 1.87a: l^-A] Ä • cos (öTT-*) + 

ri.87 0Cs ^  ^-y^2)    ^ sin  (^T"^ (3.24) 

The  longitudinal  force coefficient based on    q    is thus 

CX,S   ^  N Mr   -     -\A CdCb bAR2vosin2<XT  - 
qss 

N_DN 
q  S Ms 

COS(OC T   ~ 4))    - S ^ IT & 
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VS- C^ -  [1-87^s(3<1-^2)]  • ^ cos«yT-*) - 

l.87as(Iaj(l- u?)     -§_ sin  ((*T  -«t»)  • (3.25) 

D.     SAMPLE CALCULATION 

The  following Is  a  sample calculation  for wing-propeller 
configuration B  shown  in  Figure 4,   Section  V.     Test  data   for 
this  configuration  from Reference   12    are  shown on  Figures   14 
and  15  of this  report.     The  following data  are  assumed to be 
known: 

Performance Data 

CT,S .88 

Vo 28.25 fps 

q .95 psf 

<*w 20° 

*f - 0° 

Wine Characteristics 

^LO 0° S 5.0 ft? 

^ 
0° dO 0.097/deg. 5.55/rad. 

AR 5.0 C 1.0 ft 

Airfoil  section    NACA 00i5 

Nacelle Characteristics 

1 0.93  ft. 

dN     -    0.33  ft. 
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Propeller Characteristics 

N    -    2 b     -    3 

D    -    2.0 ft. cb     -    0.14 ft. 

SL   =    555 rad/sec Cd      0.02  for   ß 15K    8' 

1.     Calculation of Slipstream Parameters 

a.     Propeller thrust is 

T    =    C.        ^V 

-     (.88)   (8.0) H. (2)2 

4 
=    22.12  lb.    . 

b.    Using Equation  (3.7),  the  slipstream resultant 
velocity, Vi  , is found as 

Vj   =  /v0
2 + 

IW) 
(28.25)2  + 22il? 

tm 2\ 4 

=    82  ft/sec 

Next using Equation (3.8),the slipstream dynamic 
pressure, qs, is calculated as 

<s  = i /> V/ 

=    ^ f>  (82)2 

= 8.0 psf 
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d.  The slipstream induced velocity, U,is 

u - -v0cosaT +   /(vocosorT)2 ♦      2 

/f m 
= -28.25  (cos  20°)   + 

54.7 ft/sec     . 

f(28.25  cos  200)2»       22.1 

m1) 
e.     The radius of  fully developed  slipstream,   r0,is 

r    = D     A    (2VncosOCT>   V\ 
2 J 2    \ Vncos OCr + U/ 

2 
2 

/l    /2(28.25)(.936)^  54.7) 
2    \28.25  (.936)  + 54.7 / 

= 0.815  ft. 

f. The effective angle of attack of the wing out of the 
slipstream, C* , is 

£X = (XW -a[0+Sf i- l!h + 2. 
^ 

since 0CL0 = 0° and Sf  -  0° 

0( - (Xw - 20° - 0.349 radians 

g.  The lift curve slope is 

a 
ap & (5) (5.55) 

mi •fe)2^    'fWf-v 
= 3.93/rad 
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h.    The angle of attack in  slipstream, C^c,   is 

O^g    -    iW    f   ^-^   4    Sf 

_ 0   i   tan-l/28t25  (f341) )    .o + o 
\28.25(.936)^54.7/ 

=  6.75°  =  .118  rad. 

i.    The velocity parameter,  11 ,   is 

U.   =    VQ cos  (CtT - 4^ ) 

VJ 

=    2^,2^ cog U0o -  ^,7^°) 
82 

-    0.334    . 

2.    Calculation of lift Coefficient.  CL>S 

a. Propeller  thrust contribution,   C    T 

c N T  sin(*T    =    Zi21*12}   (,341) 
L,r q S 8   (5) 

s 

= 0.377 

b. Propeller normal  force,   C^ JJF 

c _N_  ^    CdcbbilR2Vosin0rTcosarT L»N1,       qsS   '4 
a  ,QN

2
e  A  /T- (.02)   (.14)3(555X1.0)^(28.25)(.341)(.936) 

(8;5.0     4 

- 0.0012 

c. Basic wing contribution,   C,   „ 

CL,W  -    f *<* 
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=  -41 (3-93) ^349^ o 

-    0.161 

or CT   U =    -9- ( C, ) 

where the   lift coefficient of  the basic wing    based on 
q    at  zero  thrust,   (CL)T=0»^

S
  obtained  from test  data. 

d. Additional contribution of wing area exposed to 
slipstream,    A CL 5 

ACL s - i.87a lo (1-LL2)   -^ cos (aT- 4> ) 

v^iere    Ss   - N   (2r0c)   - 2(2(.815)1.0)   -  3.26 ft2 

ACL)S  = 1.87(.118)    ^^  (1-.3342)  2i^cos(20o-6.75o) 

- 0.1012 

e. Summation of Lift Contributions 

CL,S   =    CL,T   +  CL,NF   4   CL,W    ' ACL,S 

- 0.377 ' 0.0012 ^ 0.161 * 0.1012 

= 0.6404 

This calculated value  agrees  well with the experimental 
data  (Figure  8,   Section V)  which  indicates  that  CL s 

0.67. 

3.     Calculation of Longitudinal  Force Coefficient.   Cx s 

a.     Propeller  thrust contribution,  Cx^ 

r N  T COSCXTT 2(22.12)(.936) = ,   019 
CX,T qsS 5(8.0) i,UJ 
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b. Propeller normal  force contribution,  Cx NF 

CX.NF =    A  /f    CdcbbilR2voSln2ofT 

=    g^jy/f (.02)(.14)   3   (555)(1.0)2(28.25)(.341)2 

-    .00044 

c. Nacelle profile drag contribution,  Cx N 

Cx N  = N ?N    cos  (0^ -4>) 
A»w q  S 1 

=    2    -4^    cos   (20°  -  6.75°) 
8(5) 

=    .00836 

where the nacelle drag (Djj = C^q Id^j) is estimated 
to be 0."72 pounds using a drag coefficient of 0.07 
from Reference  13. 

Contribution of the wing outside the slipstream,  Cx^w 

-3- 
^s 

0 (5-3.26) (as) +    [(3i93)(.349)3^l = 0.0202 

where the profile drag coefficient, CQQ, of the wing 
out of the slipstream is 0.15 from test data. 
Reference 12. 

Contribution of wing inside of slipstream, ACx s 

ACx^ - ^a coo +| i.87as ^ (i-/a.2)|2_N_cos(aT^)+ 

[1.87 ars ^ (l-^L2)"] I4    sin (0^T- 4)) 

- ^(.02)+ ri.87(.118) -^  (1-.3342)] /^-cos(20o-6.75o) 

nL.87(.118)  -^^ (1-.3342) j ^^ sin  (20°  -  6.75°) 

= 0.0398 
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where  the  profile  drag coefficient,   C^Q,   in  the 
slipstream is   .02  from  test  data,   Reference   12. 

f.     Suramation  of  longitudinal   force  contributions 

CX,S       CX,T  "  CX,NF  "   CX,N   "   CX,W     "       CX,S 

- 1.039 - .00044 - .00836 - .0202 - .0398 

- 0.9702 

Test data of Reference 12, shown in Figure 12 of 
this report, indicates the Cx s - 0.96 
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IV.  ADDITIONAL SLIPSTREAM CONSIDERATIONS 

A.  STALL CHARACTERISTICS 

It Is generally recognized that a wing will stall first 
at or near the spanwise location where the section lift 
coefficient reaches its local (two-dimensional) maximum lift 
coefficient.  Thus in the sketch below, stalling will start 
at a point "A" where the curves 
location are tangent. 

of C^ and Cjj^^    vs.   span 

Clraax  (Two-Dlraensional) 
A 

Wing Distribution 

2y/b 

The methods presented in the previous sections may be used 
to compute the stall conditions  as affected by various para- 
meters such as wing aspect ratio,   twist,   flap deflection, 
taper ratio,   propeller thrust,  propeller diameter, and angle of 
attack as well as other wing and propeller characteristics. 

Considering a wing partially immersed in the propeller 
slipstream,   there appear to be  three critical  spanwise  stall 
locations.     For a wing which has a constant  geometric  angle 
of attack,  chord,   and airfoil  section,  these critical  stations 
for stall during transition are  as  follows: 
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1. 

2. 

In most cases, the wing root section which is outside 
of the slipstream would stall first.  The maximum lift 
coefficient achieved by the root section at stall is 
equivalent to Section C^ max» which may be expressed 
as 

Imax 4 & m OC stall 

AR  1 W fo ^ 
\TTAR/ 

T (4.1) 

Thus, having the C^ max of the airfoil section, the 
angle of attack at which stall would start, (X stall» 
may be determined as a function of wing geometry 
and the two-dimensional lift curve slope, a  . 

The next critical station would be in the center of 
the slipstream. The lift coefficient at the center 
of the slipstream is 

Imax = 8<Xstal 
TT 

l(laj(l +/.2) 
(4.2) 

Having the C^ j^x of the airfoil section, the angle of 
attack at which stall would start, ^ctall' "^ ^e 

ascertained. 

3.  Another possible critical stall station could be close 
to the slipstream boundary where the effect of slip- 
stream rotation is a maximum. The attainment of such 
a stall is, of course, highly dependent on the pro- 
peller torque and rotational speed. 

The theory presented herein furnishes considerable insight 
into the requirements that must be met in order to avoid wing 
stall in the transition flight regime of tilt-wing aircraft. 
For the case of a wing fully immersed in the propeller slipstream, 
the maximum effective angle of attack is to a large extent 
dependent on the thrust coefficient and slipstream rotation.  An 
increase in propeller thrust coefficient and a decrease in 
torque coefficient increases the allowable remote free-stream 
angle of attack before stall is incurred.  It can be stated 
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that it Is possible to perform the transition without encountering 
wing stall only if the proper balance of allowable effective 
angle of attack, remote free-stream angle of attack, and 
propeller disc loading is provided.  During the landing, trans- 
ition, and descmt at low speeds, this is difficult to attain. 
The reduction of power for deceleration and let-down increases 
the effective angle of attack. 

Obvious methods that tend to delay stall are the use of 

(1) leading edge devices to increase the allowable 
Cl max* 

(2) Increased power requirement through increased drag; 
aerodynamic drag devices must be utilized in the 
slipstream, as outside the slipstream they are 
ineffective at the low critical speeds. 

(3) increased wing area and high lift flaps; effectively, 
flaps turn the thrust vector toward the vertical 
through deflection of the slipstream while producing 
a very high drag increment which aids the stall 
problem as discussed in(2)above and thus decelerates 
the aircraft more rapidly during the landing transi- 
tion.  Thus the optimum use of flaps would reduce 
the speed for transition, and result in lower take-off 
and landing speeds. 

B.  SLOW SPEED CHARACTERISTICS 

The minimum flying speed is given by the classical ex- 
pression 

where C^ max Is based on the free-stream dynamic pressure, q, 
and the wing area, S. 

The lift coefficient, C^ max» ^s obtained by maximizing 
Equation (3.18).  In the maximization process consideration 
must be given to the stalling of the wing as discussed in 
Section IV. A.  The speed V^n is the minimum flying speed 
before the onset of appreciable stall.  Depending on the design, 
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it is possible to have a portion of the wing outside the slip- 
stream in a stalled condition without detrimental effects. 
This is due to the fact that at very slow speeds for designs 
such as discussed in Section V, the majority of the lift is 
carried by the propellers and wing sections immersed in the 
slipstream.  Thus maximum C^ may not be achieved until partial 
wing stall occurs.  Of course, when the wing sections in the 
slipstream stall, serious effects on the performance and hand- 
ling qualities can occur.  For most practical tilt-wing 
designs,it would appear that stall on the wing outside the 
slipstream can be tolerated, but stall of the wing within the 
high-energy slipstream would be the limiting condition. 

C. STOL TAKE-OFF AND LANDING 

The analysis of STOL take-off and landing performance 
is presented in the Appendix.  The analysis utilizes the 
methods discussed in References 14 and 15 along with the lift 
and longitudinal forces developed in Section III.  The in- 
fluence of the ground proximity on STOL performance is also 
discussed in the Appendix, 

The take-off and landing performance was calculated for 
a typical STOL aircraft (Grumman OV-1 Mohawk) using the analysis 
presented in the Appendix.  The results of the calculations 
are discussed in Section V. 

D. OPTIMUM DESIGN CONSIDERATIONS 

Based on the results presented herein, certain design 
considerations may be deduced.  For cruise flight, the ratio 
of free-stream to slipstream velocity approaches one and 
therefore conventional aerodynamic analysis applies, which 
suggests the use of large-aspect-ratio wings for minimum power. 
However, in the transition speed range,the theory presented in 
this report indicates that for optimum design the following 
factors must be considered: 

(1)  The propeller slipstream is extremely effective in 
delaying the onset of wing stall. 

Consequently, high-disc-loading propellers are 
desirable from this point of view.  Naturally, the 
hovering flight power requirement must be considered 
in establishing the propeller disc loading,and there- 
fore the designer may be limited in his choice of 
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disc loading. 

(2) A wing whose span is completely immersed in the slip- 
stream is very desirable. 

(3) Increases in wing cho^d would serve to reduce the 
severity of the stall, and therefore large c/D ratios 
should be used. 

(4) It should be possible to modify or eliminate the 
spanwise peaks in C. for any given flight condition 
to reduce stall by varying the planform or spanwise 
distribution of wing twist.  To this extent, proper 
use of differential flap deflection and slats can 
prove to be extremely beneficial. 
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V.  CORRELATION OF THEORY WITH TEST DATA 

In this section calculated values of lift and longitu- 
dinal force coefficient, stall angle of attack, and take-off 
and landing performance are correlated with test data.  The 
range of wing and propeller parameters over which satisfactory 
correlation has been obtained is also presented. 

A.  CL c AND Cx s CORRELATION 

The test data of References 12, 16, and 17 are used to 
evaluate the degree of accuracy and range of C* Q and C^ g 
correlation possible using equations (3.17) and'ts^S). 'All 
of these data are from model tests conducted by the National 
Aeronautics and Space -Administration.  Model data were 
selected due to the lack of adequate full scale data and 
because of the wide range of wing-propeller combinations 
tested. Correlation is shown in Figures 8 through 31 of this 
report. 

Six configurations which are used for correlation are 
illustrated in Figures 4 through 7.  In the following 
discussion they are referred to as configuration A, B, C, 
etc.  For all tests a constant slipstream dynamic pressure 
of 8.0 pounds per square foot was maintained. Thrust 
coefficient, C™, g, and tunnel free-stream dynamic pressure, 
q , were varied'to obtain different values ot JUL , 

Values of parameters pertinent to the understanding of 
each plot of CL ^ or Cx s, such as Cj. 5, V0, Rn, etc., are 
given on or in dne title of each figure.  Reynolds number, R^, 
is based upon the slipstream velocity, Vi, and the average 
wing chord. 

1. Configurations A. B. and C (Reference 12) 

By use of the data of Reference 12, the effects of 
variations in wing chord to propeller diameter ratio, c/D, 
on the accuracy of the analysis can be determined. Confi- 
gurations A, B, and C have c/D values of 0.33, 0.50, and 0.75 
respectively as shown in Figure 4.  Data is presented for 
thrust coefficients, CT s, of 0.57, 0.58, 0.88, and 0.98. 
At high thrust (CjjS = '98), correlation is shown for the 
three c/D values in Figures 8, 9, and 10.  At this thrust 
coefficient good agreement is obtained over the full range 
of angle of attack from 0 to 90 degrees.  At a 
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CONFIGURATION A 

Aspect RÄtio   =    7.50 
Area   (Half Span)   =    1.667 ft.2 

Half Span  -    2.50 ft. 
Chord  =•    0.667 ft. 

Propeller Dla  -    2.0 ft. 
Airfoil Section,  0015 

CONFIGURATION B 

Aspect Ratio =    5.00 »i 

Area  (Half Span)  =    2.500 ft? 
Half Span »    2.50 ft. 

Chord -    1.00 ft. 
Propeller Dla -    2.0 ft. 

Airfoil Section,  0015 

CONFIGURATION C 

Aspect Ratio " 
Area  (Half Span)  - 

Half Span - 
Chord - 

Propeller Dla 

3.333 . 
3.750 ft? 
2.50 ft. 
1.500 ft. 
2.0      ft. 

Airfoil Section,  0015 

FIGURE A MODEL CONFIGURATIONS A, B, AND C 
GENERAL ARRANGEMENT DRAWING 
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CON F i c;r KATION 1) 

Aspect   Kat i o 
Area   ( Ha 1 t   sp,-n ) 
i 

♦ .  ) ; 

b.12   : i 
al 1    ipan i. 4 

Airfoil   Sect ion.0015 
i I 

A\'erai;t'   Ciiord 
Prope 11«'r   I)i a 

.1.   : t 
i r . 

I 

FIGl'RK   5: MODKI.   CCNFICrRATION   D 
GKNFKAL  ARK.-\NCliMENT  DR/\WING 
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CONFIGURATION E 

Aspect Ratio   == 7.66 
Area (Half Span)- 5.48 ft? 
Half Span      - 4.58 ft. 
Chord         =1.20 ft. 
Propeller Dia  =2.00 ft. 
Airfoil Section, 4415 

FIGURE 6: MODEL CONFIGURATION E 
GENERAL ARRANGEMENT DRAWING 
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CONFIGURATION F 

Aspect Ratio 
Area CHalf Span) 
Half Span 

4.55 
5.12  ftt 
3.416  ft. 

Average Chord = 1.51A  ft. 
Propeller Dia      2.0  ft. 
Airfoil  Section,  0015 

FIGURE  7:     MODEL CONFIGURATION F 
GENERAL ARRANGEMENT  DRAWING 
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CL,S      ^2 
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c/D   - 0.33    V0 - 11.2ft/sec 

^ 0 

Vo 
vT  ^ 0.137 
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N 2 Rp - 0.35 x  106 

O TEST  DATA REFERENCE  12 
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^   °   0 
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^Theory 

/ 

/ 

/ 

0 20 40 60 80 100 

Angle of Attack, 0^w» Degrees 

FIGURE  8: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS, CONFIGURATION A, CT s = 0.98 AND 

8f = 0 DEGREES 
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1.4 

'L,S 

0.8 

0.4 

c/D- 0.50 V0 - 11.2ft/iec 

LW -Ö - 0.137 
VJ 

N - 2 Rn - 0.53 x 106 

O TEST DATA REFERENCE 12 

1.2  

i 

J 

Theory^ 

i 

>     G>     1 

( A D 
>y 

(y 

/ i 

20 40 60 80 100 

Angle of Attack, OCw, Degrees 

FIGURE 9:     CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,  CONFIGURATION B, Cj. s - 0.98 AND 

Sf - 0 DEGREES 
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CL,S 

1.0 

0.8 

0.6 

0.4 

0.2 

0.75    V0 - 11.2ft/«ec c/D    - 

1W      =0° 

N        =2 R^ - 0.79 x 106 

O TEST DATA REFERENCE 12 

7* " 0.137 
J 

4 ̂
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( 
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^-'Hieory 
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20 40 60 80 100 

Angle of Attack,0f.w, Degrees 

FIGURE 10:     CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS CONFIGURATION C, 

Sf = 0 DEGREES 
'T.S 0.98 AND 
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lower value of thrust' (CT,S = »58 or .57), as shown in Figures 
11, 12,and 13, correlation is considered acceptable up Co an 
angle of attack of approximately 20 degrees. The limited range 
of good correlation at the lower thrust coefficient can be 
attributed to the complete stalling of the wing outside of Che 
slipstream combined with the onset of stall in the slipstream. 
The onset of stall being a consequence of the high effective 
angle of attack, a8 , in the slipstream at low Op $• For 
example, using Equation (3.9) at Ofy - 30 degrees and Cp 3 = 
.58,the effective angle of attack in the slipstream, 0^8 ,' is 
calculated to be 19 degrees. This compares with 0^s= 4 degrees 
at 0(\j=  30 degrees and Cx,S = «98. The prediction of Che onseC 
of sCall in Che sllpsCream is discussed in deCail in SecCion V B. 
CorrelaCion for an inCermediaCe value of ChrusC coefficienC, 
CT,S 

= »88 is shown in Figure 14. 

The above correlaCion indicaCes ChaC Che presenC Cheory 
gives good agreement wich CesC daCa provided no stalling of the 
wing exists. 

Longitudinal force correlation with Configuration B (for 
c/D = .5) is shown in Figures 15 and 16.  It is noted that 
agreement is obtained over a larger angle of attack range than 
was obtained for CL S at equivalent c/D ratios and thrust 
coefficients.  This is due to the fact that the profile drag 
rise following stall is compensated for in the expression for 
longitudinal force (Equation(3.25)). 

2. Configuration D (Reference 16) 

The accuracy of the analysis may be further substantiated 
by correlating with data for the tapered wing configuration shown 
in Figure 5.  This model has one propeller per semispan, a taper 
ratio of 0.71 and a c/D ratio of 0.76.  Correlation is shown in 
Figures 17 and 18,and is comparable to that obtained with the 
straight wing configurations. The estimated values of CL 5 for 

the tapered wing are slightly lower than the test data in the 
lower OCyj range.  Due to the limited data available it is not 
known if this is caused by wing taper or other effects. 

3. Configuration E  (Reference 17) 

To determine the effects of propeller interaction,   flap 
deflection,  and airfoil camber on the accuracy of the analysis, 
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r/D - 0.33    V0 - 53.7ft/8ec 

2.0 

1.6 

1.2 

CL,S 
0.8 

0.4 

lw    -0° -2 » 0.648 
J 

Rn - 0.35 x 106 N     - 2 

OTEST DATA REFERENCE 12 

Estimated Stall  (Equation 5.1) 

O      0 

Theory 

0       0 
0 

1^- 

40 60 80 100 

FIGURE 11: 

Angle of Attack, Ofyf Degrees 

CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS, CONFIGURATION A, Cj s - 0.58 AND 

^f - 0 DEGREES 
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'L,S 

2.0 

1.6 

1.2 

0.8 

0.4 

0 

c/D - 0.50 V0 = Sa.lft/sec 

iy = 0°    v. ' 0.648 

Rn - 0.53 x 106 N - 2 

OTEST DATA REFERENCE 12 

FIGURE 12 

40      60      80 

Angle of Attack, 0fw, Degrees 

100 

CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS, CONFIGURATION B,CT s = 0.58 AND 
Sf = 0 DEGREES 
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c/D- 0.75 Vo - 53.7ft/8ec 

1W -0 -2 - 0.655 
J 

N - 2    R,, - 0.79 x 106 

O TEST DATA REFERENCE 12 
1.2 

1.0 

0.8 

^.S 
0.6 

0.4 

0.2 

/ d    0 

jo 1 ■J 

0 

D 

/ ( 0 

-Theory 

20 40 60 80 100 

Angle of Attack, 0Cyf Degrees 

FIGURE  13: CORRELATION  OF  PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,  CONFIGURATION C,   Gj s = 0.57  AND 
Sf = 0 DEGREES 
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2.0 

1.6 

1.2 

'L,S 

0.8 

0.4 

c/D = 0.50 V0 - 28.25ft/sec 

-fi - 0.344 
V. 

Rn = 0.53 x 106 

iW » 0" 

N  =2 

OTEST DATA REFERENCE 12 

FIGURE 14: 

Theory 
O  o 

() 

O 

Sample calculation presented in 
Section III. D. 

20 40 60 80 100 

Angle of Attack, 0tw,  Degrees 

CORRELATION OF PREDICTED AND EXPERIMENTAL 
LIFT COEFFICIENTS, CONFIGURATION B, CT s 

=• 0.88,AND    S. = 0 DEGREES *' 
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Cx,s 

c/D- 0.50    V0 - 28.25ft/«ec 
V- 

^ - 0°        yj - 0.344 

N    - 2 Rp - 0.53 x 106 

A TEST DATA REFERENCE 12 
1.2 

1.0 

0.8 

0.6 

0.4 

0.20 

20      40      60      80     100 

Angle of Attack, (Xw, Degrees 

FIGURE   15 CORRELATION  OF  PREDICTED AND EXPERIMENTAL 
LONGITUDINAL  FORCE COEFFICIENTS,   CONFIGURATION 
B,   CT)S  = 0.88 AND    8f - 0 DEGREES 
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c/D= 0.50    Vo = 53.1ft/sec 

iw  =00 _£ = 0.648 
vi 

N    = 2 R^ = 0.53 x 106 

A TEST DATA REFERENCE  12 

1.0 

0.8 

0.6 

'X,S 

0.4 

0.2 

>> 

L- Theory 

X ̂  

"1 •V 

Y 
0 20 40 60 80 100 

FIGURE   16: 

Angle of Attack, 0fw,  Degrees 

CORRELATION   OF  PREDICTED  AND  EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS,   CONFIGURATION 
B,   CT  s   = 0.58 AND      $f  = 0 DEGREES 
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c/D = 0.76    Vn = 24.öft/sec 

-° = 0.300 iw- 0° 

N =« 2 Rp = 0.8 x 10' 

OTEST DATA REFERENCE  16 

4.6 

FIGURE  17:    CORRELATION OF PREDICTED AND EXPERIMENTAL  LIFT 
COEFFICIENTS,   CONFIGURATION D,   CT s  = 0.91   AND 
$f = 0 DEGREES 
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c/D = 0.76    Vn = 44.1ft/sec 

N  = 2 

7? = 0.538 
j 

Rn = 0.8 x 10 

O TEST DATA REFERENCE  16 

1.6 

-20 

_Q^Ö.4l 

20 40 60 
1 '        „ " Angle  of  Attack, 0CW,   Degrees 

FIGURE 18 CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,  CONFIGURATION  D,   CT,S   = 0.71   AND 
if   = 0  DEGREES 
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correlation with data from Reference 17 was utilized.  As shown 
in Figure 6 Configuration E has two propellers per semispan,and 
is equipped with a fowler type trailing-edge flap.  The extension 
of this flap results in a 40% increase in wing area.  Correlation 
with the flap retracted is shown in Figure 19; and with the flap 
extended (at Sf= SO  degrees) is shown in Figure 20.  Agreement 
is good with and without flap up to stall. For this configuration 
calculated CL S ^S slightly lower than experiment in the angle 
of attack range up to stall.  The effects of interaction between 
the slipstreams appear to be small for this configuration. 

4. Configuration F (Reference 16) 

The effects of propeller overlap and the deflection of 
a plain trailing-edge flap on predicted performance was deter- 
mined by correlation with the data of Configuration F from 
Reference 16.  The pronounced propeller overlap of this 
configuration is evident in Figure 7.  Lift coefficient 
correlation for flap deflections of 0 degrees» 10 degrees, and 
50 degrees is shown in Figures 21 through 25.  In general, 
agreement is good for various propeller thrust coefficients and 
flap deflections.  However, referring to Figure 25, it is seen 
that the predicted values greatly exceed the test data for $f 
=  50 degrees.  For this case the lower experimental values of 
CL S 

are <^ue t0 stalled flow over the flap. This conclusion 
is substantiated in Figure 26 which is a plot of Sf-VS-C^  g 
for configuration F showing flap stall at  Sf = 35 degrees! 
Also referring to Figures 21 and 22, it is seen that the test 
points do not pass through zero as would be expected for a model 
of symmetrical airfoil section.  The authors of Reference 16 
indicate that this is caused by an induced upflow between the 
nacelles due to slipstream swirl.  This fact is not considered 
in the present analysis hence it contributes to the underesti- 
mation of CL S in figures 21 through 24. 

Longitudinal force coefficient correlation for this con- 
figuration is shown in Figures 27 through 29 for CT s = 0.91 
and in Figures 30 and 31 for CT,S = 0.71.  In general, the 
theory is in agreement with test data) however, referring to 
Figures 27 and 28, it is seen that the predicted values of Cx s 
exceed the experimental data. This implies that the drag 
contribution to the longitudinal force coefficient was under- 
estimated. Modifications to the present analysis to achieve 
better correlation were investigated, however; it was found that 
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c/D - 0.60    V0 =• 25.9ft/sec 

-20 

hi =■ 0' 'o - 0.316 
V . 

N      - 4 R^ - 0.63 x 106 

OTEST DATA REFERENCE  17 

4.6 

O 
.-0.4 

20 40 60 
1 I     v    ! Angle of Attack, 0tw,   Degrees 

FIGURE  19:     CORRELATION  OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,  CONFIGURATION E,   CT s  = 0.90 AND 

Sf  = 0 DEGREES 
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c/D - 0.60    V0 - 25.9ft/MC 

1W    -0° 

N      - 4 Rn - 0.63 x 106 

O TEST DATA REFERENCE 18 
-2.4-1 

-20 0 20 40 60 

Angle of Attack, 0(w,  Degrees 

FIGURE   20 CORRELATION  OF  PREDICTED AND  EXPERIMENTAL  LIFT 
COEFFICIENTS,   CONFIGURATION E , CT  s   - 0.90 AND 

Sf      50 DEGREES 
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c/D = 0.76    V0  = 24.6ft:/sec 

1W - 0^ 

N    = 4 

Yo  = 0.300 

R     = 0.80 x 10^ n 

OTEST DATA REFERENCE  16 

1.6 

-0.4 

FIGURE   21: CORRELATION  OF   PREDICTED  AND  EXPERIMENTAL  LIFT 
COEFFICIENTS,   CONFIGURATION   F,   CT   s       0.91   AND 

f ic  - 0  DEGREES 
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c/D = 0.76 V0 = 44.1ft/8ec 

lw = 0° r2 = 0.538 

N    = 4 Rn = 0.8 x 10° 

O TEST DATA REFERENCE  16 
^.0 

-20 

^OLA 

Angle of Attack,Äw,  Degrees 

FIGURE  22:     CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,   CONFIGURATION F,  Or  c " 0.71 AND 

S f - 0 DEGREES ' 
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c/D - 0.76    V0 - 24.6ft/Mc 

^2 . 0.300 iw-o« 

N    - 4 R^j - 0.8 x 106 

O TEST DATA REFERENCE 16 
-2.0 

JlOA 

Angle of Attack, 0(w,  Degrees 

FIGURE 23 CORRELATION OF  PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,   CONFIGURATION F,    CT  «,= 0.91  AND 

Sf = 10 DEGREES 
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c/D = 0.76    V    » 44.1ft/sec o 

LW 0° l£ = 0.538 
Vj 

N    = 4 Rn = 0.8 x 106 

OTEST DATA REFERENCE  16 
2.0 

FIGURE  24:     CORRELATION  OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS,   CONFIGURATION F,    Cj.  s  = 0.71  AND 

Sf = 10 DEGREES 

58 



c/D = 0.76 V0 = 24.6ft/sec 

iw = 0° _£ = 0.300 
Vi 
R^ = 0.8 x 106 N = 4 

O TEST DATA REFERENCE  16 

'L,S 

0 20 40 60 80 

Angle of Attack, 0CW,  Degrees 

FIGURE  25:     CORRELATION  OF  PREDICTED AND EXPERIMENTAL  LIFT 
COEFFICIENTS,   CONFIGURATION  F,   CT s  = 0.91  AND 
if  =  50 DEGREES 
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CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT 
COEFFICIENTS AS A FUNCTION OF FLAP DEFLECTION 
CONFIGURATION F,   CT,S= 0.91  AND  0CW=0 DEGREES 
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CORRELATION OF PREDICTED AND EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS,   CONFIGURATION 
F,    CT s  = 0.91  AND   Sf = 0 DEGREES 
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c/D  = 0.76    V0  = 24.6ft:/sec 
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FIGURE  28:    CORRELATION  OF  PREDICTED AND EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS,CONFIGURATION 
F,   CT  s = 0.91  AND    Sf = 20 DEGREES 
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FIGURE 29 CORRELATION  OF PREDICTED AND EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS,  CONFIGURATION 
F,   CT  s  = 0.91 AND    Sf=  30 DEGREES 
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CORRELATION OF PREDICTED AND EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS,CONFIGURATION 
F, Or s - 0.71 AND S f - 0 DEGREES 
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FIGURE 31 
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CORRELATION OF PREDICTED AND EXPERIMENTAL 
LONGITUDINAL FORCE COEFFICIENTS, CONFIGURATION 
F, CT s  = 0.71 AND S f = 30 DEGREES 
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the analysis as preser.r ^d in Section III  gives  the  best overall 
correlation with test data. 

In summary,the correlation performed indicates that the 
accuracy of the analysis is not greatly affected by variations in 
/*•» ^W»  c/D,  Sf,  wing planform,and propeller position;  and that 
agreement is good up to the point  of stall  for all  cases. 

B.     STALL CONSIDERATIONS 

During the analysis of the model configurations previously 
discussed,  it  became evident that  the degree of correlation 
between the calculated and measured values of CL S 

and Cx s is 
affected by the   stalling of the wing.     Solving Equation  (4.2) 
for the angle  of  stall, Of st.aQ , 

(X stall 
(clmax)Tr 

(l*yu2) 

Furthermore, from Equations (3.4) and (3.9), 

OC stall i^ f tan -1 
Vosin0^T 

(V0cos(yT)' 

(5.1) 

T 
- OG n+ 6 LO1 

(5.2) 

It is seen from Equation (5.1),that an increase of II {i.e., 
a  decrease of Cj  g) corresponds to a decrease of O^a]^, Further- 
more, from Equation (5.2) for a given (ystaii, an increase of OC w 
must be compensated for by a decrease of the flap deflection, $   . 

By use of Equation (5.1), the value of Ästall for the 
configuration discussed in Figure 12 is 13.6 degrees and Of^ - 24 
degrees.  Indeed, this value forCX stall appears to be in agree- 
ment with the test data presented in Figure 12.  Similarly, for 
the test conditions illustrated in Figure 11, O^stall ~ ^0 degrees, 
and from Equation (5.2) there results that stall will not occur 
within the slipstream for any value of Oty.     Again, correlation 
between test data and calculated values of CL g support this 
conclusion.  A further examination of the calculated values for 
CL S shows, however, that the limit of correlation between theory 
and test data is not always predicted by Equations(5.1) and (5.2). 
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Whereas these equations did not indicate any stall in the  range of 
values of CVw» shown in Figure 14 and Figureü 17 through 25, the 
leveling off of the test data appears to indicate, however, the 
existence of wing stall. 

A more detailed investigation of stall is warranted before 
an expression can be formulated for predicting the onset of stall 
for a wide range of parameters. 

C.  CORRELATION OF CALCULATED STOL LANDING AND TAKE-OFF 
PERFORMANCE WITH FLIGHT TEST DATA 

The analysis presented in the Appendix was used to calculate 
the take-off and landing performance of STOL aircraft.  The results 
are as follows: 

1. Landing Distances Over a SQ-Foot Obstacle 

Landing distances for several STOL aircraft obtained 
from flight test data are shown in Figure 38.  The data 
is seen to fall within the limits of the predicted routine 
landings and the maximum performance landings. 

2. Take-Off Distance 

Propeller performance plays an  important   role  in the 
determination of take-off distances  as  discussed in 
Reference  18.     The accuracy of the calculations thus depends 
upon  the  accuracy of  the  propeller performance  data.     For 
the  STOL  aircraft  shown  in  Figure  38,   complete  propeller 
performance data was not  available;   thus  it was necessary 
to utilize other existing performance curves   for similar 
propellers.    Take-off distances were calculated for the 
Grumman Mohawk  (a  typical   STOL aircraft)   using propeller 
data  from Reference  15. 

A ground roll  of  547   feet was  obtained   for  the Mohawk 
using the  procedure  in  the  Appendix.     The calculated data 
showed that  the aircraft  remained  in  transition above an 
altitude  of 50  feet.     The  ground distance corresponding to 
the   50-foot  altitude during transition was  calculated 
accordingly,   and   found   to  be   220  feet.     The   total  distance   to 
clear a   50-fcot  obstacle   is  547  feet  plus  220   feet,or  767 
feet.     The  flight   test  data  indicated a  corresponding 
distance  of 880  feet. 
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3.  Results 

The calculated take-off and landing performance was found 
to be in good agreement with the available test data.  As 
comprehensive aircraft and test data become available, 
further calculations should be performed to determine the 
degree of validity of the assumptions made. On the basis 
of the comparison with the limited test data, it appears 
that the landing and take-off performance of STOL aircraft 
can be predicted with reasonable accuracy using the methods 
presented herein. 

D.  RANGE OF CORRELATION FOR THEORY AND TEST DATA 

The range of correlation between the theory presented herein 
and lift and longitudinal force data is as follows: 

RAI VGE OF RANGE OF 
PARAMETERS APPLICABILITY CORRELATION 

Number of Propellers Any 2 and 4 

Disc Loading (psf) Any 0 to 8.0 

Thrust Coefficient Any 0 to 1.0 

Jet Velocity to free-stream 0 to 1.0 0 to 1.0 
Velocity ratio "zx" 

Propeller Axis Inclination Not Established 
Relative to Wing (deg.) 

Slipstream Overlap 

Wing Aspect Ratio 

0 to D/3 

>1 

Wing Angles of Attack(deg.) Below section stall 
in slipstream 

Flap Angles (deg.) Below section stall 
in slipstream 

Flap Types Not Established 

Wing Planform Rectangular and 
moderate, deviation 
therefrom 

0 

0 to D/3 

3.33 to 7.5 

-20oto stall 

0oto 35° 

Plain & Fowler 

Taper ratio 
from 1.0 to 
0.715 

68 



VI.     V/STOL AIRCRAFT STABILITY  AND CONTROL 

A. INTRODUCTION 

In this section a study is made of the effects of propeller 
slipstream on the stability and control characteristics of 
tilt-wing V/STOL aircraft. The feasibility of improving the 
slow speed and transition handling qualities by proper use of 
the slipstream is also investigated. 

B. SCOPE OF  INVESTIGATION 

1. Discussion of V/STOL Stability Analysis 

The stability and control characteristics of tilt-wing 
types of VTOL aircraft  are discussed in References  21 and 22. 
Reference 21 treats the  tilt-wing configuration employing semi- 
empirical expressions  for the propeller slipstream contributions 
to the wing lift and drag.    The  investigation discussed herein 
utilizes the analysis  of Reference 21,   except  for the slipstream 
contributions for which  the analytical expressions developed 
in Section III are utilized. 

2. Assumptions of the Analysis 

The major assumptions utilized in the development of 
the VTOL dynamic  stability analysis are as  follows: 

a. Small amplitude analysis  is utilized,   i.e.,   the 
equations of motion are  linearized. 

b. The airframe  is considered to be a rigid body. 

c. There is  no coupling between the lateral and 
longitudinal modes of motion. 

d. The wing  tilt  angle  is  fixed during the  analysis. 

3. Area of Present  Investigation 

The present  investigation is concerned with the 
hovering flight condition,which,   as shown in Reference  21,   repre- 
sents the most severe  stability problems  for the tilt-wing air- 
craft configuration. 
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C.     STABILITY ANALYSIS OF V/STOL AIRCRAFT AS AFFECTED BY THE 
PROPELLER SLIPSTREAM 

The determination of the  slipstream effects on the 
stability characteristics is accomplished by examining the 
effects of slipstream terms on the  stability derivatives and 
the  roots of the characteristic  equation. 

1.     Equations of Motion 

As  given  in  Reference  21,the  longitudinal  equations 
of motion in coefficient  form for the hovering case reduce to 

cxv 
v + Cx^ v + Cxee + cX6e   = o (6.1) 

% v - V f ^e0 = 0 (6.2) 

The perturbation variables used are  the free-stream velocity, 
V,   and  the aircraft  pitch attitude,0   .     The derivatives  involving 
slipstream terms are underlined.    These derivatives are now 
further investigated. 

2.    Evaluation of Stability Derivatives  Involving Slip- 
stream Terms 

a.    Total Derivatives 

The derivative relating to the change in longitudinal 
force with a change in  forward velocity,  Cx v,   is 
given as  follows: 

xv  = acx,i ^  acx,g ^    acx,R   + 

a v        ^v           d v 

^x.t 
a V 

i      ^CXfW   i     ^CX.S  t    ^cx 
d v          b v       a CT d   V 

oc,v 

(6.3) 

(X 
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Neglecting  small terms,   this derivative can be  simplified 
to be 

'X, d V d V 
(6.4) 

The change in pitching moment coefficient with a change in 
forward speed,C^j , is given by 

'M, 
= -X. aCZiS . Za ^CXtS _ z  ^

CX.t - X. ^C2.W . 
d  v a v   t    d v h  v 

z  ^
CX.W f *CM.CF   f ^cM.ac - Xp  3C2.R . 

a  d V 

ZR ^
CX.R f  ^

CM 

d V      d V 

a Cp 

^R ^v 

a v       öo a v 
OCjV 

(6.5) 

a 

Considering the major contributors to this derivative in 
hovering»there results 

JM 
- -Z„  ^CX.S -zR  ^ 

CX.R 
a V R 

^ V 
(6.6) 

The change in longitudinal force with a change in pitch 
rate is given as follows: 

Cx e 
^cx.t + ^

C
X.R f ^Cx,s . 

ad aö aö 
(6.7) 

The change in pitching moment with a change in pitch rate 
is given as 

CMe 
^CM.CF   ,    3CM.S       Y      ^CZ.R 

Z ^ CX.R    .     x,.    ^CZ.t       . 

(6.8) 

The slipstream terms affecting these stability derivatives 
are presented in the next section. 
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b.    Slipstream Terms 

The  slipstream terms to be considered In the evaluation 
of the stability derivatives are    AC*   r,    ACQ 5, 

^ACT   C/^V and ÖACD S/^V.     The  slipstream  lift  and 
longltuainal  force coefficients are 

AC L,S 1.870C_    ^  (1-yU.2)»  -3-    atf 
s    c        / qs 

(6.9) 

and 

CD,S = cDo + (^cL>s)2   J_S 
TT/RS. 

(6.10) 

Differentiating Equation  (6.9) with respect to V, 

d V 
boc * r. K-TT    r0(l.^).Kas    jfd-^)  ^ 

Kas  'o^^V   + 3a 
-t 

aOC 
(6.11) 

where      K = =    1.87 
c 

(6.12) 

The partial derivatives appearing in Equation  (6.11) 
are as follows: 

. (v-^-2TH-^°s2<0 d4> 
d v (yej^sm^ v2cot2orn 

2T 
3A 

sln^0fT DVD2 
Tf> 

4 

(6.13) 
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D' d r0 

hV 32r 

r ^ T w 
2T  ay    V 

- 4T 

\p ^D2 cos2 0(T pKül cos2(XT 

V2f 2T 
1TD2 f^ cos2oC, 

V 2» 2T 

^cos2aT 

I 

(6.14) 

ind 

M. =    V2sin 2(0(T-<b)   (~ "S^J 
ÖV V^   +       2T 

z0 TTD? 

+ 

CO s2   (^T-<<>) 

vz + 
/^ 

2T 
TTD'^ 

3/2 
2 AI v       1 

F- 1TD2 

(6.15) 

For the hovering case,   (V = 0), 

by 
=    sinO^T 

V-0 
'^ 

2T 
^02 

(6.16) 

V-0 

D cos Of T 

4^T 2T 
TTD7 

(6.17) 

^ ^V 
-2 cos2(Xx 

V 0 P 
2T 
TTD2 

(6.18) 
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Differentiating, next, Equation (6.10) with respect to 
V, there results 

^ACD.S 2ACL.SS     .     <^CLtS 

bV TT^R   Ss hV {b'L* 

(1)  Numerical  Computation of Slipstream Terms 

For the purpose of comparison  and compatibility 
with the  data  of Reference 21,   the   slipstream terms 
were evaluated using the  following data  from that 
reference: 

Performance Data 

V 0 ft./sec. OCT 87  degrees 

CT  s      1.0 ilR  = 702  ft./sec. 

CT 0.0195 T 1615  lb. 

Wing Characteristics 

S     -    114.7  ft.2 iw "    0 degrees 

/R   -"    5.25 ^LO =    "^ degrees 

c    =    5.25  ft. a  =    3.05/rad. 

Propeller Characteristics 

N     -    2 

D     - 9.5ft. 

™2      70.6 ft.2 

4 

Using these  values  and the equations  of Section III, 
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u   = 
p 

2T 
1TD2 139  ft./sec. 

V.    --    U    -  139   ft/sec. 
J 

1 /> V. 
2 '      3 

2     -    22.9  lb./ft.2 

4)       tan-i      Vsi^T    i    o 

^s   ^     \ 
$ - C^LQ      ^  degrees       0.07   radians 

rv   = D    i/2VCQ?^ 
2 \ 2\ VcosOC 

3.36  ft 

^ = 
Vcos   (<X T- 4>) 0 

l.Syo'    ^  (1- U?) =    0.0924 ACL)S =       1.870Cs-  U-^' 

ACD>s^CDo^     (AC^s2)^^      0.0213 

ü 
dv 2T 

0.00717 

TTD^ 

75 



> r0 D cosOC T 

bV 

7*F 
0.00063 

fi 
2 

2cos   QCT    = _  0.000039 

tTD2 
^    4 

K    =    ^^    -    0.394 c 

There  follows that 

dAC 
t^    =    0.0095 

d V 

^
CD

»
S

    =    0.00027. 

(2)  Effect of Slipstream on Stability Derivatives 

Using the derivations presented In Reference 21, 
the derivative    Cv      can be written as Xv 

Cx    = -fl lllACL s+   atCL^S  ^ACD s MT! sln(«T4) xv     m  ^v      L's      6 v D,b  dv T 

be 

+ 

¥ - ft ^ ^.s+ *-f¥ -ACL'S W\^^ 
(6.20) 
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Neglecting  small   terms,   this  derivative can  be written 
for  the hovering  flight  condition as   follows: 

cx     - - ^C
L.S sln (fr    (fr) > 'bcx.R (6>21) 

A V Ö  V i ^ V 

Similarly, from Equation (6.6), the pitching moment 
derivative with velocity can be written as 

The derivatives C^A and CMf  are given as: 

cx.   -   AcxAt + ^cxiR_ ^cLts cos ja-y  S) Ad ^e a 6 R    d v 1   P 
(6.23) 

c ^      ^cMtCF  _  Y     ^CZ.t  .  zR   aCX<R  -  ?a_ ^CL.s 

(6.24) 

It  should be noted that  the  stability derivatives Cx y 
CM    ,   CXA     ,  and Cj^i      are affected by the  slipstream 
derivative, ^CL)S/ ^V. 

3.     Effect  of the Slipstream on the Hovering Stability 
Characteristics 

The  characteristic equation in hovering  is as  follows: 

B A3 + C A2  + DX + E - 0 (6.25) 

where,   using the numerical values obtained above, 

B    =    CXv    CMö (6.26) 

-    0.0091 
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%   Sie    *  cx v CMe (6-27) 

^ACL s 
0.212     a"v *    0.00407 

D        %   cMe   - cMv   Cxe (6-28) 

. .ltei5 (^^)2   *   0.0623(^^     0.00004 

(6.29) 

2.17    ( ^^^l   •   0.0059 

The solution of the characteristic equation for the 
hovering flight condition yields the roots as shown in 
Figure 32.  One root is aperiodic and convergent, while 
the other pair of roots represents an unstable oscillation. 

As was previously shown, the slipstream term ^ACT c/ ä V 
affects the stability derivatives Cxv , Cf*. , Cx*  and Cj^ 
In order to determine the effect of tne slipstream, the 
magnitude of ^C^ s^ ^ ^ was varied between zero and 200 
percent of its original value of 0.0095, and the resulting 
roots of the characteristic equation were calculated and are 
also shown in Figure 32.  It can be seen from Figure 32 that 
a decrease of ^C^ 5/ b V increases the period of the unstable 
oscillation whiie at the same time reducing its instability. 
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^= a  + lb 

BA3  ^  CA2   *  DA + E  - 0 

-2.4 -1.6 -0.8 0 0.8 1.6 2.4 

a 

FIGURE   32: EFFECT OF  SLIPSTREAM ON THE   ROOTS  OF THE 
CHARACTERISTIC  EQUATION FOR HOVERING FLIGHT 
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D.  STABILITY AUGMENTATION OF V/STOL AIRCRAFT UTILIZING THE 
SLIPSTREAM VELOCITY 

The high disc loadings, compared to those of helicopters, 
of tilt-wing VTOL aircraft points toward the use of slipstream 
air flow for improving the stability characteristics of these 
aircraft.  An investigation was performed, therefore, to gain 
an insight into the effectiveness of thr slipstream air flow 
for this purpose.  It was assumed that the stability augmenta- 
tion is provided by means of a movable flap at the trailing 
edge of the wing immersed in the slipstream wake. This flap 
is deflected by changes in the aircraft attitude. The flap 
deflection angle, Sf, is then given by 

Sf = ks0 . (6.30) 

Substituting Equation (6.30) into Equation (3.9) the effective 
angle of attack in the slipstream, Og , is written as 

O^s = ^ f ^-^LO + k49 • (6-31) 

In hovering, the slipstream lift derivative with respect 
to attitude becomes 

-^    =    Kro-lffi (6.32) 

where 

*** = k. 

There  follows that 

be i    ' 

aACL.S    =    K r0 k,     . (6.33) 
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Also,   the pitching moment  derivative with   respect   to  attitude 
is 

dCM Za       ^ACL.S 
bö c        ^e 

Substituting Equation (6.34) into Equation (6.33), 

^e o ^i 

Also, 

^e    be 

Evaluating Equations   (6.35)  and  (6.36), 

bCM 

*Q 

and 

be 

(6.34) 

^CM    -    ^    K r    kt        . (6.35) 

bCx     =      ^CL.S      (-sin   (0-^4»))   . (6.36) 

-    0.401  kfc (6.37) 

^    =    -  1.32  kfc     . (6.38) ae 

The coefficients of the characteristic equation in hovering 
are thus changed by the addition of the derivative bCj^/be , and 
also by a change in the derivative Cw , due to Equations (6.37) 
and  (6.38).  These coefficients are as   follows: 

- 0.0091 
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c   "   % ^ö + % ^e 

=    0.00608 

D   =   % CMe - Sv cxe + 0'401k^ % 

=    0.000486 - 0.019kj 

E   =   " cMv (cxe " hSBO + 0-401^ cxv 

= 0.0266 + 0.0187kj (6.39) 

The underlined terms represent the contributions due to 
flap deflection. 

The roots of the characteristic equation were calculated 
for various values of kc , and the results are shown in 
Figure 33.  It is seen from this figure that a decrease of 
kj results in an improvement of the oscillatory mode while 
at the same time decreasing the stability of the aperiodic 
mode.  It is also shown that for the example configuration 
analyzed here, a value of k^ = -1.0 results in dynamic 
stability of both modes of motion.  It is seen, therefore, 
that proper use of the propeller slipstream could improve 
the dynamic stability of a tilt-wing aircraft. 
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A= a  + ib 

BA3   + CA2  + DA + E  = 0 

-2.4 -1.6 -0.8 0.8 1.6 2.4 

FIGURE 33: 

a 

EFFECT  OF TRAILING EDGE  FLAP STABILIZER ON THE 
ROOTS  OF THE CHARACTERISTIC EQUATION  FOR 
HOVERING  FLIGHT 

83 



VII.  CONCLUSIONS AND RECOMMENDATIONS 

An analysis is presented of the lift and longitudinal 
force acting on various propeller-wing combinations.  The 
analysis includes a theoretical treatment of the important 
effects of propeller slipstream-wing interaction.  Correla- 
tion of the theory with test data of both two- and four- 
propeller-wing combinations shows good agreement. Applica- 
tion of the theory to predict the take-off and landing 
performance of typical STOL aircraft is also presented. 

Preliminary stability and control analysis indicates 
that the slipstream can be utilized for improving the 
dynamic stability of a tilt-wing aircraft in hovering flight. 

Based on the findings of this report it is suggested 
that this work be extended to include: 

1. A more detailed investigation of the onset of 
stall in the slipstream. 

2. The application of such a stall investigation to 
the determination of a propeller-wing combination 
which would be free from the adverse effects of wing 
stall throughout transition. 

3. The extension of the stability and control analysis, 
giving detailed consideration to: propeller normal 
force and moments, tail moments, wing center of pressure 
location as effected by the slipstream, the deflection 
of flaps in the slipstream, and the effects of ground 
proximity. 

4. The quantitative determination of slipstream 
effects on VTOL stability and control. 
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APPENDIX 

STQL TAKE-OFF AND LANDING PERFORMANCE ANALYSIS 

This performance analysis consists of developing methods 
to predict STOL take-off and landing distances and velocities. 
The landing analysis will be discussed first. 

A.  LANDING ANALYSIS 

As indicated in Reference 14, the landing maneuver analysis 
is assumed to be made up of three stages:  the approach, trans- 
ition, and the ground run as shown in Figure 34, 

1.  Approach Distance 

The approach distance from a 50-foot obstacle is given 
by 

a    tan Ö (Al) 
P 

Thus, the approach distance is determined by the approach 
angle. Op.  The «pproach angle is given in terms of the 
approach velocity,  V  , and the rate of descent, Vv, as 
follows: 

V 
sin en "  en, (for vv in ft./min.)    (A2) P     bUV 

Rates of descent of 500 to 700 feet/minute would 
appear reasonable based on flight experience with heli- 
copters and V/STOL aircraft.  Using the small angle 
assumption that  sin 6p   tan 6p (although this assump- 
tion is not valid at very low speeds, the discrepancy 
will be shown to be small),the approach distance can be 
written as 

i  - 3000 -^   ffor    V in ft./sec.\      (A3) a       Vv   [and    Vv in ft./minj       ^^ 
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or 

1   5070 ^        (ior
A  ^ jn knots   ] (  ^ 

a       vv   yand Vv in ft./min, ' 

This relation from Reference 14 is shown as a function 
of the approach speed for several rates of descent in 
Figure 35. The small-angle discrepancy is small as shown 
by the dashed line on Figure 35. 

2.  Transition Distance 

The transition distance, obtained by assuming that the 
flight path occurs along a circular arc, is given by 

!  =  V2 tanV 2 / (A5) 
t       g An 

Using the small-angle assumption together with 
Equation (A2), the transition 'iista^^o c^n be written as 

lt     =      .on V A    (Vv in ft./min.)        (A6) t     120 g Zkn     v 

If a rate of descent of 500 feet/minute is assumed 
for routine landings, then Equation (A6) can be written as 

1  =  4tl6 V  (for v in ft./sec^   (A7) 

or 

7 V, 
I.  =  -*-      (V. in knots) .       (A8) c     g An     K 

The transition distances are plotted in Figure 36 for 
typical values of normal acceleration.  The effect of the 
small-angle assumption is seen to be very small. 
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3.  Ground Run 

The forces acting on the aircraft during the landing 
run are given by 

D ^ CF ( W- L)  ^- ar 
g 

D    drag force ^^ 

Cp(W - L)   braking force 

At touchdown, the braking force available for 
deceleration can be increased by a decrease of lift.  This 
condition can be achieved through piloting technique.  The 
drag force can be considered small compared to the braking 
force.  The landing distance is then given for a constant 
deceleration in terms of the coefficient of friction as 

fe    2 Cr g 

or 

le  -  2.86 VK     (for Vk in knots) •      (All) 
2 CF g g 

Decelerations from 0.8g to l.Og (represented by Cp  0.8 
and 1.0) are possible during landing on dry concrete; 
these are, however, beyond the range of routine operations. 
The braking force (and the deceleration) could be in- 
creased by increasing the normal force on the wheels.  This 
could be accomplished possibly by producing negative lift 
through the use of flaps deflected upward.  Thus, this 
should be considered as a means to reduce landing distances 
for future STOL aircraft; however, at present,a deceleration 
of 0.3g represents a realistic value for normal landings. 

The ground run for various friction coefficients is 
shown in Figure 37. 
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4.     Total   Landing  Distance 

The  total   landing distance  is  obtained  from the 
summation of the approach,   the  transition,  and  the  ground 
run.    This  distance  can be  obtained  for a  range of  air- 
craft operations  from routine  landings  to maximum 
performance  landings using  the   following assumptions: 

a. for routine  landings 

Vv    -    500  ft./min. 
An     =    O.lg   (during transition) 
Cp 0.3   (landing deceleration      0.3g) 

b. for maximum performance   landings 

Vv - 1000 ft./min. 
ransition 

ivp    0.8 (landing deceleration  0.8g) 

The total landing distances corresponding to these 
values are shown in Figure 38. 

In order to determine the total landing distance, it 
is necessary to know the approach speed of the aircraft. 
Standard practice has been to relate this approach speed 
to the aircraft stall speed as follows: 

V - vapproach J KVstall **>"*    K>1-0       <A12> 

The approach speed is assumed to be 10 percent greater 
than the stall speed to allow a margin of safety for 
control during landing. Equation (A12) can thus be 
written as follows: 

2   (I) 
Vapproach 1-1 J   oc 

(A13) 

r     Unax 

The maximum lift coefficient can be determined through 
standard methods such as those given in Reference 15. 
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O Grumman Mohawk,   Reference   38 
O Breguet  941,   Reference  39 
A DeHavilland DHC-2 Beaver,   Reference 
D Helio Courier,   Reference  40 
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B.    TAKE-OFF  ANALYSIS 

The take-off maneuver can be  considered  to  be  made up of 
the ground  run,   the transition,   and  the climb. 

1.    Ground Run 

The ground run of an aircraft consists  of 
the  take-off distance  from  start  to the point   ac  wiucn 
the wheels   leave the  ground.     The take-off distance  is 
given by 

V - VTO 

STO     7    ^f- (A14) 
V -  0 

The acceleration a^ is obtained by a solution of the 
equations of the forces acting on the aircraft (parallel 
and perpendicular to the ground) to obtain 

a i' t [F*"A(w *L)] • (A15) 

With  this  expression,   Equation   (A14)  can be  integrated 
numerically: 

V_^_VTo 

S 
T0      V 

The calculation of take-off distance  from equation 
(A16)   is performed as   follows: 

a.     The minimum  flying  speed,   Vmin,   is  calculated from 
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P ^±rs ^ 

The determination of the lift coefficient Cjjnax is presented 
in Section IV. 

b. Increments of velocity, AV, are selected starting 
from V - 0 to VTo  1.2 Vmin. 

c. At each station V ^ n AV (n = positive integer 
0, I, 2), the longitudinal force, Fx.is calculated from 
Equation (3.25), and the lift is obtained by multiplying 
the total lift coefficient, CL s, from Equation (3.17) 
by qsS. 

d. The value of the expression given in Equation (A16) 
is calculated at each station selected in c. above. 

e. The value of step d. above is numerically integrated 
from V ^ 0 to V = V^Q to obtain the take-off distance. 

2. Transition 

The transition distance, which accounts for the distance 
required from take-off to achieve a steady-state climb, is 
assumed to occur along a circular arc, similar to that of 
the landing transition distance. Thus, 

V2 
.TT ~      tan 11   g^n {■fj (A18) 

where  An = increment of normal acceleration,   g's,  and 9C 
is  the climb angle given by 

0C  "si"'1   (^) (A19) 
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where    V      =    rate of climb  . c 

It  Is necessary to obtain the climb angle In order to 
calculate the transition distance.     This angle Is obtained 
as discussed In the next  section.    The normal acceleration 
during transition Is dependent upon the lift coefficient 
at take-off as well as  the take-off velocity.     If the take- 
off velocity Is assumed to be 20 percent greater than the 
stall  speed and the lift coefficient Is 0.9 Cimaxi then 
the maximum normal acceleration Is 0.23g.     The transition 
maneuver and the climb are assumed to be performed at the 
take-off velocity. 

3.    Climb 

For the case of climbing flight with V/STOL aircraft, 
the climb angles Involved could be large compared to con- 
ventional aircraft climb angles. Therefore, this fact 
must be taken Into account In the analysis of the climb 
maneuver. The forces parallel and perpendicular to the 
flight path of an aircraft In steady climbing flight are 

and 

T - D - W sin ec = 0 (A20) 

L - W cos 8 = 0 . (A21) 

The climb angle, 0_ , Is given as 

öc = sin"
1 I  Ycj (A22) 

where Vc Is the rate of climb. 

Substituting (A22) Into (A20), 

TV - (DV + W Vc) = 0 . (A23) 

The first term represents power available and the 
second term Is the horsepower required.  Solving for Vc 
from Equation (A23), 
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Vc =  TV - DV (A24) 
W 

The total drag can be written as 

D = D0 + Di  , (A25) 

or in coefficient form, 

D = (CDO + CDI) q s       (A26) 

where Cn0 is the equivalent profile drag coefficient of 
the entire aircraft, and Cp^ is the induced drag coeffi- 
cient of the wing.  For the case where the lift contri- 
bution and Induced drag of the wing outside of the 
slipstream are negligible,the induced drag coefficient 
can be expressed as 

O.       =      CL2 

TTdRe 

Equation (A26) becomes 

D = CDo q S + CL2 qS 
VlJRe (A27) 

The   lift coefficient C^ pertains to climbing flight,and 
must be compatible with Equation  (A21), 

CT   =    -±-    = wCgS ^c (A28) L qS qS 

Substituting Equation  (A28)  into (A27),   there results 

D    =    C^ qS + w2cos2   Qc (A29) 
TTÄe q S 
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Subsuitutlng Equation  (A29)  into  (A24)  and solving 
for Vc/V while noting that 

t +-M 
where A =      V & S &  t  and 

W 

B =   ti[W    -^DOqs]- 

The rate of climb and climb angle can be determined 
from Equation (A30) for the given flight velocity,V,and 
the aircraft characteristics (C- and power available can 
be obtained from standard methods as given in References 
15 and 23.) The distance required to climb to a 50-foot 
altitude can be obtained as 

IC = ^ (SO-H) cos ec= ^ = 50-^n ^j;       (A3U 

tan 8^ c 

The total distance over a 50-foot obstacle can be 
obtained by summing the  distances  for ground run,   transi- 
tion, and climb,  with the exception of the case of some 
STOL aircraft which could reach a 50-foot  altitude during 
transition.     In this case,  the total  distance over a 50- 
foot obstacle consists of a ground run  (obtained previously) 
and a transition which is now determined as  follows: 

The vertical height  achieved during transition is 

h =   2Yi sin2 f&A 
Ang \  2 / (^2) 
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If this height Is greater than 50 £eet> then the following 
Is to be used: 

For a height of 50 feet, the corresponding angle 9C , 
from Equation (A31), Is 

6 = 2 ain'1 (^A**)     = 2 sin"1 ^ ^ng        (A33) 

The transition distance would be given by, 

/Z2 
y 2s c ^50  =50 v/^TÄ^-f " 1 (A34) 50     v/ 2S (/kng) 

The total distance over a 50-foot obstacle Is 

ST = lg + lT5o . (A35) 

C.  GROUND EFFECT 

Test data (References 24 through 32) on the performance of 
conventional wings and V/ST0L propeller wing combinations In 
ground proximity indicates that a marked change in aerodynamic 
characteristics occurs in ground effect. The primary effects 
are a reduction in wing Induced drag and large variations in 
pitching moment accompanied by secondary changes in lift 
coefficient. 
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As a result of ground effect on aircraft characteristics, 
"out of ground effect" analysis is at times inadequate for 
the accurate estimation of V/STOL take-off and landing per- 
formance.  Hence, a V/STOL analysis considering ground 
effect is desirable.  As part of this program, it was under- 
taken to adapt existing ground effect analyses (examples of 
which are presented in References 34 through 38) to the V/STOL 
performance analysis of this report.  The first approach 
was based upon a ground effect analysis for propeller slip- 
streams developed by Heyson (References 35 and 36), and 
modified to account for a wing with a flap immersed in the 
slipstream by Neal (Reference 33). This analysis uses 
out-of-ground-effect slipstream characteristics to estimate 
Interference velocities at the propeller disc caused by the 
presence of a ground plane in the propeller wake.  It is 
shown in Reference 38, that this method gives good lift, drag, 
and downwash angle correlation in ground effect.  This type 
of analysis, however, requires the use of digital computer 
facilities.  Also, in its present form the analysis can be 
applied only to the case where the entire wing is immersed 
in the slipstream. 

Another approach to ground effect analysis is developed 
by Reid in Reference 34 for conventional monoplanes or 
multiplanes.  This is a relatively straightforward method 
which is suited to the case where part of the wing is out of 
the slipstream.  An investigation was conducted during 
Phase II of this program (Reference 41) to adapt this 
method to the propeller slipstream analysis presented herein. 
It was found, however, that this method did not give 
consistently accurate estimates of ground effect. 

In view of the complexity of the first method described 
and the inadequacy of the second method, additional effort 
is required to develop an analysis suited to preliminary 
performance calculations. 
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